In-situ hydrogen production is carried out by a catalytic reformer kit set up into exhaust gases for a CHP plant based on spark ignition engine running under lean conditions. An overall auto-thermal reforming process is achieved.
In 1981, an onboard hydrogen production from methanol is described by Sjostrom et al. [22] . Steam methane reforming (SMR) in exhaust gas recirculation over Ni-catalyst is detailed as its concept is schematically shown in Figure 1 . Hydrogen properties help run engine in leaner conditions than pure gasoline. Higher efficiency and lower pollutant emissions are investigated as well.
Particulate matters from diesel engines are subjected to stringent regulations. Because of both significant amount of oxygen and available "free" heat in exhaust gas, onboard catalysis is detailed for those applications, see Zheng et al. [23] . H 2 and CO are products over catalysts and in-cylinder premixed combustion is expected. Zheng et al. explained combustion is similar to dual combustion in these operating conditions. Tsolakis and Megaritis [24] tested diesel/biodiesel blends in these conditions. Afterwards, they have extensively published results in papers [25] [26] .
Initially bound to compression ignition engines (ex: diesel/biodiesel), reforming of combustible gases (example, steam methane reforming (SMR)) is a catalytic process used to produce hydrogen through the following chemical reactions:
Steam reforming (endothermic reaction):
CH 4 
SMR uses only the first equation (production of hydrogen through hydrocarbon cracking by water vapour and temperature). In order to bring water vapour, oxygen and carbon dioxide together with the temperature needed to activate these reactions for the hydrogen production, the exhaust gases of CHP power plants can be used. The principle of the reforming process is outlined in Figure 1 .
In order not to decrease the thermal efficiency because of the endothermic steam reforming reaction (equation 1), combining three reactions (equations 2-5) can lead to a global auto-thermal reforming process (tri-reforming of natural gas).
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Exhaust gas composition of CHP gas engines (operating in lean burn conditions) are favorable for the activation of these reactions above:
• Presence of CO 2 (equation 4),
• Lean burn operating conditions: presence of O 2 (equation 2 and 5),
• Significant water vapor content for steam reforming: H 2 O (equation 1 and 3),
• High temperature (> 340°C) for the activation of the reactions.
These reactions have been produced through a catalyst, formerly used for the oxidation of carbon monoxide and unburnt hydrocarbons produced from the incomplete combustion in gas engines. The concept is built on a triple idea as shown in Figure 1: 1. Plunge the catalytic reforming device into the gas exhausts in order to keep it at high temperature, 2. Take part of the gas exhaust in order to feed the catalyst with the water vapor, the oxygen and the carbon dioxide contained in the exhaust gases, 3. Supply the intake air and gas line with the reformed gases (among which hydrogen) following the example of Exhaust Gas Recirculation (EGR) used in the car industry for reducing NOx of diesel engines.
Such an application, natural gas HCCI engine operation with exhaust gas fuel reforming, was studied by Yap et al. [27] . In this configuration, they obtained an extension of the HCCI lower load boundary for a given intake temperature.
As yet, H 2 or NG-H 2 gas network for distributed applications does not exist. Therefore, in-situ H 2 production and consumption become a valuable solution, especially for CHP engines operating under lean conditions, for testing their operational behaviour. CHP applications using engines are lesser constraint in terms of weight, space (volume), and have a lower compression ratio than those in automotive applications. More over, those applications run at fixed load (usually full load). Then, such applications can be favourably considered. More over, in the NATURALHY context [1] , it seems important to report a know-how on such application but it is not possible to feed engine from H 2 cylinders for cost and safety reasons.
This paper deals with the performances of a reforming device in the gas recirculation line of a CHP gas engine.
The reforming device is composed of a catalyst bed where part of the exhaust and part of the natural gas flow react. First test bench, including its instrumentation, is described in the following section. The effects of natural hal-00841031, version 1 -15 Jul 2013 gas flow rate for two engine operating conditions at fixed 5% (in vol.) on the performance are studied in the following cases:
• At low frequency: H 2 production, electric efficiency, exhaust gas emissions, temperature aspects
• At high frequency: in-cylinder pressure
• Comparison between EGR and RGR (Reformed Gas Recirculation) results
Finally, the operational difficulties encountered during tests are explained in detail.
MATERIAL AND METHODS
The test bench is a spark ignition (SI) engine fuelled by natural gas. This installation is a combined heat and power plant operating at a fixed engine speed, as specified in Table 2 .
Catalysts are based on noble metals. In the past studies, numerous handmade catalysts (Ni/Al 2 O 3 and NiMgOAl 2 O 3 ) and commercial products from DCL © and Jonhson-Matthey © (KATALCO series, and CRG-LHR)
were considered. After specific tests, DCL © product was selected because of its high performance in converting methane into hydrogen. Figure 2 describes the reforming device that was used in experiments. The main exhaust gas stream surrounds the catalyst bed in order to maintain the catalyst at the minimum desired temperature.
The test bench is equipped with two types of experimental sensors. The first ones correspond to low frequency measurements (1 Hz):
-Catalyst inlet and outlet temperatures and catalyst housing inlet and outlet temperature for exhaust gases: K-type thermometer, calibration was made by even in an electric furnace for 5 specific temperatures, and error was found to be less than 0.5 °C.
-Mass flow meter of main natural gas SI engine feed line (0-1200 Nm Before each test, the reference gas from cylinder was measured, and the calibration was adjusted as required. In the same way, natural gas composition was measured by gas chromatography. This was required for low heating value (LHV).
-Wattmeter, ENERNIUM-CFG1
-Water cooling flow rate of SI engine (0-50m In-cylinder pressure diagram is recorded and averaged over 100 consecutive cycles because of cycle-tocycle variations.
, ; > ( ? 2 1 * 4 * ' 1 6 ' = ( ; * ' part of natural gas is not converted. This is not a disadvantage of the system since the main natural gas flow rate is decreased as much.
For safety reasons, the following conditions were restricted:
• Operation at 80% of nominal electric power output
• Some part of additional natural gas flow rate over catalyst does not react. That is to say, oxygen is completely consumed at catalyst outlet.
The calculations involve averaging the data over a period of 15 minutes in a steady state form. The H 2 -enhanced engine electrical efficiency e η is defined as follows:
where NG q the natural gas flow rate (main stream), NGR q the natural gas flow rate to reform and LHV the low heating value as seen in Figure 1 . Considering from the law of uncertainty propagation [28] 
RESULTS AND DISCUSSION
Experimental results are presented considering two important parameters. Activation of chemical reactions within the catalyst needs natural gas, steam and/or O 2 . Since exhaust gas analysis is on a dry basis, water vapour was not measured. Therefore, all results shown in Figures 4 and 5 are presented according to the NGR (natural gas to reform) over O 2 ratio in engine exhaust gases. Two O 2 contents were tested: 7% and 8% in the engine exhaust gases. Figure 4 shows the composition of the reformed gases (RGR) at the catalyst outlet. Production of H 2 is about 10% in volume which appears to be low (compared to other processes for H 2 production) due to the high content of N 2 within the reformed gases. Production of H 2 depends on O 2 content in exhaust gases and increasing O 2 content increases H 2 production. However, production of H 2 decreases with NGR/O 2 ratio. This ratio is essentially determined from natural gas flow rate at catalyst inlet and O 2 content in exhaust gases.
Results at low frequency
The results are proposed for two different O 2 values. Thus, NG flow rate varies for each set only. Increasing NG flow rate at the catalyst inlet decreases H 2 production. This observation must be balanced with the fact that unconverted NG still remains at the catalyst outlet. Whatever O 2 value in exhaust gas is, unconverted NG only depends on the NGR/O 2 ratio in a consistent way.
For safety reasons, experiments were limited at a NGR/O 2 ratio of about 1.5 (in order to avoid O 2 presence at the catalyst outlet). Production of CO proves that steam reforming reaction is not the predominant one within the catalyst. Partial oxidation reaction must not be neglected. Productions of CO and H 2 are comparable. CO 2 content at the catalyst outlet depends on its initial value (at the catalyst housing inlet) and CO 2 production within the catalyst. Production of CO has different consequences in SI engines from fuel cells.
Catalyst and catalyst housing inlet/outlet temperatures are plotted in Figure 5 . Catalyst inlet temperature corresponds to the engine turbine outlet (assuming heat losses are neglected, see Figure 1 ). We can see that O 2 in exhausts has little influence on in-cylinder combustion. Catalyst inlet temperature is higher at 7% O 2 than 8% O 2 , as expected. Catalyst outlet temperature gives information that reactions are exothermic: at hal-00841031, version 1 -15 Jul 2013 a catalyst inlet temperature around 370°C, the catalyst outlet temperature reaches 610°C. This is a direct confirmation of production of CO. The greater the O 2 content at the inlet is, the hotter the catalyst outlet temperature is. At the catalyst housing outlet, temperature is more or less constant since EGR is 5% (in vol.).
The differences observed on catalyst housing temperatures, at 7% and 8% O 2 , are assumed to be due to the combustion process.
Electric efficiency and thermal recovery are plotted in Figure 6 . This plot has H 2 content as x-axis. The following observations can be obtained from this figure: -Higher the O 2 content in engine exhaust, lesser the electric efficiency is found. o This observation is attributed to the specific physical properties of hydrogen. Operating at a significant O 2 value reduces in-cylinder flame speed. Production of H 2 may compensate this effect.
The composition of the engine exhaust gases is plotted in Figure 7 . delay between spark timing and an effective heat release rate. The greater the H 2 addition, the higher the peak pressure is observed. The reason is attributed to the physical properties of H 2 as reported in the introduction section. At 8% O 2 , same comments could be made. Nevertheless, the leaner the operating conditions are, the lower the electric efficiency is, and the smaller the H 2 effects are.
EGR -RGR comparisons
Since CHP plant performances vary, in particular, with atmospheric conditions, measurements with and without the reforming device were carried out the same day under the same conditions. Such comparative results are presented in Table 3 .
For 5% EGR, electric efficiency increases by 0.3 and heat recovery decreases by 1.0 (absolute basis). In the reference cases (by-pass of the reforming device), 60.7% of heat release during combustion is recovered.
Using the reforming device resulted in a better conversion, due to H 2 addition, of the mechanical work (high quality) than heat (low quality).
A decrease in the emissions of unburnt hydrocarbons is observed as well. This could probably be due to a smaller hydrogen extinction flame limit than hydrocarbons.. That property may explain the lower hydrogen rates measured under RGR. CO emissions show an increase (probably) due to high level of CO in the RGR line (compared to traces in the EGR configuration). The reason for the decrease in NO emissions is not trivial and further investigation must be carried out.
OPERATIONAL FEEDBACK
Two major difficulties were observed:
1. Graphite joints, LATTYGRAF EFA, 2 mm, for high temperature, were chosen. Nevertheless, under combined effect of H2 and high temperature, joints were destroyed. Figure 9 shows reformer kit in 3D.
On the left, the first design was assembled with coupling sleeves. In this design, "honeycomb" catalyst Tests were conducted over a period of 5 months (September to March). Neither bach fire nor knock were encountered.
CONCLUSIONS
In this paper, the effect of H 2 in-situ production has been investigated on the engine performance as fuelled by natural gas. The H 2 production concept has provided additional benefits, namely, "using the heat recovered from exhaust gases to initiate reforming process and moist exhaust gas recirculation at no additional cost".
Experiments are conducted at 80% of full load. Two engine operations are studied (7% and 8% O 2 in exhaust gases). The reformed gases at the catalyst outlet contain H2 (8 to 15 % in vol. on dry basis), CO (3 to 6 % in vol.), CO 2 (9 to 10 % in vol.), unconverted natural gas (2 to 12 % in vol.) and N 2 (the complement).
Unconverted natural gas is considered as a safe operation condition.
Chemical reaction is overall exothermic. The reformer exit temperature raises up to 620°C in regards to its inlet temperature at 350°C. This observation does not depend on the engine operation at lean condition (7% or 8 % O 2 in exhaust gases). The reformer exhaust gases temperature (main stream) is not constant.
Engine efficiency shows an increase for either electric efficiency or thermal recovery according lean condition of engine operation.
In-cylinder pressure data acquisition is at high frequency. The greater the H 2 content, the higher the peak pressure is observed.
Some operational difficulties are reported as: (i) In the first design, "honeycomb" catalyst remained Table 2 hal-00841031, version 1 -15 Jul 2013 Table 3 hal-00841031, version 1 -15 Jul 2013
